Objectives. This study sought to 1) establish whether the atrial flutter (AFL) inducible acutely occurs spontaneously in a chronic canine model, and 2) characterize any reentrant circuits present chronically.
Atrial flutter (AFL), or intraatrial reentrant tachycardia, is a common early and late postoperative complication of the modified Fontan operation, or total cavopulmonary connection, with an incidence of up to 30% at 5-year follow-up (1) (2) (3) (4) (5) . These arrhythmias are not well tolerated in patients with single-ventricle physiology. Management with antiarrhythmic agents or by antitachycardia pacing is often ineffective (6 -8) .
In an acute canine model, we demonstrated that the Fontan lateral tunnel suture line, used to construct the right atrial baffle, which directs inferior vena caval blood to the superior vena cava (which is previously anastomosed to the pulmonary artery), was a sufficient anatomic substrate to produce AFL (9) . There were several limitations of the acute canine model. The arrhythmias induced acutely may not have accurately represented spontaneous AFL after the Fontan operation. AFL was induced with programmed stimulation, introducing the possibility that the arrhythmias observed were nonspecific findings. It also remained to be determined whether the critical features of the reentrant circuit would persist over time. The objectives of the present study were to 1) establish whether the AFL inducible acutely occurs spontaneously, and 2) characterize any reentrant circuits present chronically.
Methods
Acute phase operative technique. Seven adult mongrel dogs (25 to 30 kg) free of cardiac disease were anesthetized with intravenous pentobarbital sodium (30 mg/kg body weight). Normothermic cardiopulmonary bypass was initiated through a right posterolateral thoracotomy (9) . Through a longitudinal right atriotomy, a continuous 4-0 polypropylene suture (no baffle) was then placed to simulate the lateral tunnel of the Fontan operation, as previously described ( Fig. 1) (9) . After closure of the atriotomy, the animals were weaned off cardiopulmonary bypass, and decannulation and closure were performed.
Holter monitor analysis. Twenty-four hour Holter recordings were made on the day before the initial operation, on the first postoperative day and 2, 4 and 6 weeks postoperatively. The percent of time spent in sinus rhythm, junctional escape and AFL for each dog on each Holter examination was quantitated. AFL was identified on the Holter recordings as a fixed-cycle length atrial tachycardia that did not require ventricular participation. Holter recordings were searched for episodes of spontaneous initiation of AFL. Six episodes of spontaneous initiation of AFL per Holter recording were examined when applicable.
Chronic phase operative technique. Six to 8 weeks postoperatively, reoperation was performed, again using pentobarbital anesthesia. Normothermic cardiopulmonary bypass was instituted as before. Bipolar pacing and sensing electrodes were sutured to the appendages of the right and left atria, respectively. After excision of the tricuspid and mitral valve leaflets, two form-fitting silicone elastomer (Dow Corning Corp.) atrial unipolar endocardial 253-point mapping electrodes were positioned and anchored to each annulus through bilateral ventriculotomies. An indifferent electrode was attached to the chest wall for unipolar reference.
All animals received humane care in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Science and published by the National Institutes of Health (NIH Publication 86-23, revised 1985). The study protocol was also approved by the Washington University Animal Studies Committee.
Pacing protocol. Programmed extrastimulation and burst pacing were performed using a programmable pulse generator (Bloom Inc.). Stimulus input was set at twice pacing threshold. Attempts to induce AFL were made at reoperation after placement of the mapping electrodes. Sustained AFL was defined as the presence of a stable tachycardia Ͼ30 s in duration with a fixed atrial cycle length Ͻ250 ms. Termination of AFL was achieved either by overdrive pacing or by premature stimulation. Reproducibility was established by reinduction of the tachyarrhythmia using the same extrastimulus pattern that originally induced it. No pharmacologic agents were utilized for the induction of AFL. After pacing, all animals were killed by termination of cardiopulmonary bypass.
Activation sequence mapping. At reoperation, atrial activation sequence data during spontaneous rhythm and during all sustained arrhythmias were obtained by simultaneously recording 253 unipolar electrograms from the endocardial multipoint electrodes. The limb lead electrocardiogram (ECG) and a bipolar left atrial electrogram were simultaneously recorded. Local endocardial activation times were determined, and computer-generated activation sequence maps were reconstructed as previously described (9, 10) .
Statistical analysis. Results are expressed as mean value Ϯ SD. The statistical significance of paired data was determined by the Student paired t test. Data with three or more groups were compared using repeated-measures analysis of variance; multiple comparisons were made with contrast. Categoric data were compared using chi-square analysis (SYSTAT 5.0, SYSTAT Inc.). A p value Ͻ0.05 was considered statistically significant.
Results
Spontaneous arrhythmias. Preoperatively, all dogs were in sinus rhythm, and no identifiable atrial ectopic activity was present. After the simulated Fontan operation, all seven dogs experienced spontaneous paroxysms of sustained AFL ( Fig. 2  and 3 of the six dogs that survived, three had intermittent AFL and two had incessant AFL ( Table 1 ). The mean cycle length of spontaneous AFL was 192 Ϯ 22 ms.
Postoperative bradyarrhythmias indicative of sinus node dysfunction were also common. Episodes of junctional escape rhythm of varying degrees of severity were documented in six of seven dogs (Fig. 4) . Six weeks postoperatively, four of six dogs were in a junctional escape rhythm 5% to 40% of the time.
Spontaneous initiation of AFL. AFL was initiated from both a junctional escape and sinus rhythm (Fig. 5 ). More frequently, episodes of AFL resulted from an antecedent junctional escape rhythm (69%) than from sinus rhythm (31%, p ϭ 0.02) ( Table 2) . Overall, dogs were more often in sinus rhythm postoperatively (47%) than in junctional escape rhythm (25%, p Ͻ 0.05). The duration of a particular rhythm did not predict the percent of time AFL was initiated from that rhythm (p Ͻ 0.001). The spontaneous mean cycle length increased immediately before the onset of AFL from 559 Ϯ 163 to 674 Ϯ 236 ms (p ϭ 0.001).
In certain instances, it appeared that atrial premature depolarizations may have triggered episodes of spontaneous AFL (Fig. 6 ). Intervening atrial fibrillation before a stable fixed cycle length atrial tachycardia ensued was observed inconsistently in only two of six dogs and in only 12% of all episodes of spontaneous initiation examined (Fig. 7) .
Activation sequence maps during AFL and sinus rhythm. At reoperation 6 to 8 weeks postoperatively, sustained AFL could be reproducibly induced in six of six dogs, with a mean cycle length of 194 Ϯ 17 ms. The mean cycle lengths of spontaneous (192 Ϯ 22 ms) and induced AFL (194 Ϯ 17 ms) did not differ significantly (p ϭ 0.56) ( Table 3) .
In all dogs, the AFL circuit was confined to the right atrium. During AFL, atrial activation sequence maps demonstrated a line of conduction block along the lateral portion of the Fontan suture line on the right atrial free wall. The reentrant circuit depended on an isthmus of myocardium bounded superiorly by this line of conduction block and inferiorly by the tricuspid annulus (Fig. 8) . In these examples, a clockwise loop of reentry, as viewed from below the tricuspid valve, is demonstrated. The wavefront courses rostrally up the free wall and then crosses onto the septum. After moving caudally down the septum, the impulse propagates along the floor of the right atrium to complete the circuit. Both clockwise and counterclockwise activation patterns were observed.
During sinus rhythm, the earliest point of atrial activation was near the region of the sinus node. The same line of block present during AFL, along the free wall segment of the lateral tunnel suture line, was observed during sinus rhythm (Fig. 9) . The impulse breaks across the suture line at its inferior most aspect and propagates up the free wall of the atrium. It reaches the septal surface by traveling around either side of the inferior vena cava and continues uniformly and rapidly along the septum in a caudocranial direction. The septal and free wall wavefronts collide near the right atrial appendage.
Discussion
Electrophysiologic substrates for AFL. The configuration of a reentrant pathway is determined by the anatomic substrate, which may be congenital or acquired (11) (12) (13) (14) . In our model of the modified Fontan operation, the substrate is a structural discontinuity in the atrial myocardium imposed by the lateral tunnel suture line combined with the natural orifices of the vena cava. The running suture line produces tissue necrosis (15) , which results in a complete line of conduction block. In our acute model of the Fontan operation (9) and again in the present study, we demonstrated that hemodynamic effects, such as atrial stretch, hypertrophy and hypertension, which have long been regarded as crucial in the etiology of postoperative atrial arrhythmias in patients who have undergone the Fontan operation (4, 8) , are not required for the genesis of an anatomic substrate. That the tachycardia cycle lengths and activation sequence patterns observed in the chronic canine model were identical to those seen acutely (177 Ϯ 31 ms) (9) also provides evidence that any postoperative fibrotic alterations within the atrium did not influence the fundamental anatomic substrate of AFL.
Regions of pathologic slow conduction were not identified within the AFL circuit in the present model. Evidence for the existence of discrete areas of slow conduction crucial to sustaining reentry in patients after Fontan repair, analogous to those described for ventricular tachycardia and spontaneous type I human AFL, is equivocal. Fragmented electrograms (16) and pace mapping (17) have been cited as proof of slow conduction in this setting. However, absolute verification of slow conduction requires demonstration of reduced conduction velocity between simultaneously recorded electrograms. Such verification is difficult to accomplish in clinical studies, where the number of simultaneously recorded electrograms and the plane in which they are recorded are limited. Pace mapping may demonstrate concealed entrainment but does not necessarily prove slow conduction. In our studies we also observed low amplitude fragmented signals along suture line borders that may represent damaged myocytes. However, conduction in adjacent healthy myocardium was normal. It is healthy myocardium within the isthmus between the free wall suture line and the tricuspid annulus that is responsible for propagation of the reentrant wavefront, not the adjacent injured or fibrosed regions. Spontaneous initiation of AFL. AFL results from the interaction of an anatomic substrate with multiple dynamic functional components. The combination of a nonuniform refractory field, anisotropic geometry, critically timed and placed premature atrial depolarizations and the particular spatial and temporal relation of these variables govern the presence of repetitive activity (18, 19) . Although hemodynamic variables may be important considerations clinically, the chronic canine model of the Fontan operation saliently illustrates that the spontaneous initiation of AFL is not dependent on them.
Triggering event. The occurrence of atrial premature beats appeared to be common in the postoperative period. Preoperatively, no atrial ectopic beats were observed. The likelihood of spontaneous initiation of AFL increases proportionally to the number of atrial premature beats. Clinically, it has been discovered (20) that in patients who have undergone a Fontan repair, the incidence of supraventricular extrasystoles increases with time from repair.
It is possible that those beats that we classified as premature may have in fact been echo beats. AFL may have been precipitated by functional block without premature atrial depolarizations. It is difficult to definitively differentiate these mechanisms solely on the basis of Holter monitor recordings.
However, experimentally, reentrant arrhythmias are rarely initiated without premature depolarizations (21) . In addition, acutely and chronically, we never successfully induced AFL by pacing at long cycle lengths. Finally, functional block, demonstrated to initiate AFL in our acute-phase experiments (9) , predominantly occurs at short, premature intervals.
Others (22) have found that AFL develops from an intervening transitional rhythm, usually atrial fibrillation, in which critical areas of slow conduction and unidirectional block occur. In the present study, transitional atrial activity, resembling atrial fibrillation, was not a prominent finding. Perhaps because the line of block defining the pathway is anatomic, it became statistically more likely that an atrial premature beat would initiate reentry. The fixed line of conduction block requires the premature beat to encounter a much smaller region of functional block, which creates the transient unidirectional block necessary for initiating AFL.
Sinus node dysfunction. There is a high degree of correlation between postoperative AFL and sinus node dysfunction in patients after a Fontan operation (23) . Furthermore, pathologic abnormalities in the sinus node have been linked to supraventricular arrhythmias, where a loss of sinoatrial node fibers is a consistent histologic finding (24, 25) . That sinus node dysfunction was present postoperatively in our study is evi- denced by the frequent occurrence of a junctional escape rhythm. The free wall aspect of the lateral tunnel suture line, which lies along the crista terminalis, is in close proximity to the sinus node, increasing the likelihood of direct injury to it (15, 26) . In the current study, AFL was significantly more likely to be initiated from an antecedent junctional escape than sinus rhythm (Table 2 ). When sinus node dysfunction is present, atrial depolarization is governed by subsidiary pacemakers. We speculate that these latent pacemakers provide multiple foci of atrial stimulation, increasing the probability of initiation of reentry.
Autonomic factors. Alterations in autonomic tone are prominent in the canine model, which may explain the consistent increase in the spontaneous cycle length immediately before the onset of AFL. Cholinergic suppression has previously been manifested to provoke atrial premature beats and reentry (27) . In addition, vagally mediated slowing of the heart rate may nonuniformly alter the effective refractory period of the atrium, making the tissue more vulnerable to reentry (28) .
Significance as a model of spontaneous AFL. Spontaneous AFL is a unique characteristic of the present model. Although many chronic animal models of atrial reentry have been investigated in the past, to our knowledge, none has had the feature of consistent spontaneous AFL. This feature makes our model well suited for studying numerous electrophysiologic and clinical aspects of this reentrant tachycardia. The paroxysmal nature of AFL, well illustrated in the present study, is related to the inherently labile nature of many functional components. Abnormal impulse formation and dispersion of refractoriness can be influenced by a variety of secondary factors. Some of these factors, including alterations in autonomic tone, are more pronounced in the dog; others, including structural changes from atrial enlargement and stretch (29 - Figure 6 . Initiation of spontaneous postoperative AFL by an atrial premature depolarization. A premature atrial depolarization appearing 280 ms after the preceding sinus beat (P 1 ) does not trigger AFL. A subsequent premature atrial beat at an interval of 260 ms (P 2 ) is preceded by an echo beat (E). Another premature depolarization, again at 260 ms, successfully initiates sustained reentry (arrow) with a cycle length of 220 ms. The present chronic canine model provides strong evidence of the actual AFL circuit that occurs clinically after the modified Fontan operation. The spontaneous occurrence of AFL eliminates the possibility that the AFL induced acutely was an artifact of the stimulation technique. The consistency of the activation sequence patterns observed acutely and chronically establishes the constant nature of the reentrant circuit over time. Furthermore, the striking similarities in cycle lengths of induced and spontaneous AFL affirms that the spontaneous tachycardia was the same as that induced by premature stimulation and validates the endocardially mapped reentrant circuits. Therefore, we believe that efforts directed toward definitive treatment and prevention of AFL after the modified Fontan operation require consideration of the reentrant circuit described in the present study.
Limitations of the study. The animal model used in this study had normal cardiac anatomy. The anatomic and physiologic influences of complex congenital cardiac malformations, which may have influenced both arrhythmia formation and the configuration of the reentrant circuit, were therefore not present. In addition, because spontaneous AFL was never mapped, we cannot be absolutely certain that the reentrant circuit was the same as that induced with programmed extrastimulation.
Conclusions. In a chronic canine model of the modified Fontan operation, the lateral tunnel suture line alone, in the absence of atrial stretch or hypertension, provides an electrophysiologic substrate that promotes spontaneous AFL. This model may be useful for evaluating various forms of treatment and prevention of AFL after this type of Fontan repair. 
